Coagulation is the most common process used to remove the natural organic matter (NOM) for clean water supply and safe consumption. However, most of the time, the supernatant water quality produced did not meet the drinking water standard and several dispute issues currently exist about the impact of conventional inorganic coagulants on the environment and living organisms. In this study, hybrid coagulation-membrane processes were implemented for NOM treatment using chitosan as a natural coagulant. Its performance in terms of turbidity and humic acid (HA) removal was tested and compared with inorganic ferric chloride (FeCl 3 ) coagulant. It was discovered that both coagulants were capable to remove 90% of the HA and produce supernatant water with acceptable quality for membrane processes; both nanofiltration (NF) and reverse osmosis (RO) membrane processes managed to remove nearly all of the turbidity and HA in the water. However, a hybrid process using chitosan had a more severe effect on membrane fouling compared to FeCl 3 coagulation pre-treatment processes due to the smaller and neutral particles produced by chitosan coagulation, forming a compact foulant layer on the membrane surface. Therefore, the wise selection of a coagulant for the hybrid coagulation-membrane process is crucial for attaining high removal efficiency and low fouling propensity.
Introduction
Natural organic matter (NOM) is a common substance found in natural freshwater which needs to be removed before the water can be used for daily consumption. Humic acid (HA) is one of the major components of NOM. The presence of HA in water source not only impart colour to water, but also contribute to the formation of carcinogenic disinfection-by-products (DBPs) when it reacts with ozone, chlorine or chlorine based disinfectant in conventional water treatment process [1, 2] . These DBPs are carcinogens, as direct exposure to them may led to cancers, miscarriages, and nervous system complications [3] . Therefore, the effective and economic removal of HA from water has become a very challenging task in the current development of water purification technologies.
The coagulation process is one of the most common techniques employed to remove NOM in raw water [4] . The conventional coagulants generally fall into two categories: those based on aluminium and those based on iron [5, 6] . Coagulation preferentially removes the higher molecular weight, more hydrophilic, and more acidic constituent of dissolved organic matter (DOM). Therefore, NOM with high molecular weight has been found to be able to associate with Al (III) or Fe (IIII) salt in the coagulation process [7, 8] . However, there is vital concern regarding the ingestion of high concentrations of metal coagulants in treated water, which will potentially cause adverse health effects [5, 9] . Hence, the application of a natural coagulant appears to be an attractive option for the replacement of conventional chemical coagulants.
Chitosan is a non-toxic, biodegradable, renewable, and environmentally friendly biopolymer coagulants that can be used in the coagulation process [5, 10] . Studies were carried out to investigate the performance of chitosan in the coagulation process by comparing it with other conventional chemical coagulants [11] [12] [13] . It has been proven that chitosan was capable to remove colloid particles and HA from water [5, [13] [14] [15] [16] [17] . As reported by Bratskaya et al. [17] , chitosan ionic forms were able to remove 50 mg/L HA up to 95-100%. Coagulation process is capable of removing much of the NOM in water, but it could not remove all the dissolved NOM (residual NOM capable to form carcinogenic disinfection by-products) and emerging pollutants such as toxins, pesticides, pharmaceutical residues, arsenic, and herbicides. Hence, in order to produce drinking water that meets the required standard, further treatment after coagulation process is required [18] .
Membrane technology is a dignified separation technology and has been widely implemented for the production of process water from groundwater, surface water or wastewater as a valuable means of filtering in the water industry [19] . Progress has been made with regards to the use of two major pressure-driven membrane processes, nanofiltration (NF) and reverse osmosis (RO) as an alternative technology to conventional treatment in separating HA particles from the water source to meet more stringent water quality regulations [20] [21] [22] . However, despite the expansion and successful application of membrane systems in the water industry, a decline in membrane performance over a period of time towards a high susceptibility fouling effect is still a critical problem in the water industry. It demands considerable attention, as it affects separation properties and increases the operational pressure, which leads to higher operational costs due to occasional membrane replacement (membrane replacement involves 20-30% of the operating cost), thus constraining the widespread application of membrane technology for HA separation in water treatment processes [23] . Consequently, current research and development in membrane technology are focused on these problems and directed towards the development of hybrid coagulation-membrane processes [18] . Coagulation applied as a pre-treatment prior the membrane filtration unit will reduce the amount of foulants in the raw water and thus decrease the membrane fouling propensity while improving the water quality produced.
Successful implications of coagulation-ultrafiltration/microfiltration (UF/MF) in water treatment plants have been reported elsewhere [24] [25] [26] [27] [28] [29] [30] [31] [32] . However, these hybrid processes could not remove all of the foulant, especially low molecular weight NOM [26, 33, 34] . Hence, the integration of NF/RO processes with coagulation pre-treatment is proposed for effective removal.
Besides, many of the chitosan studies were carried out on coagulation processes solely, whereby the effect of chitosan coagulation on NF/RO membrane performance has not been well investigated. Therefore, in the present work, the potential of chitosan as a coagulant in hybrid coagulation-NF/RO membrane processes to remove NOM and turbidity in water has been explored. For the application of feasibility, comparison study with conventional inorganic Febased coagulant, ferric chloride (FeCl 3 ) was also carried out.
Experimental

Chemicals and membranes
All of the chemicals used were analytical grade, unless stated otherwise. HA, chitosan, kaolin, acetic acid, and ferric chloride (FeCl 3 ) were purchased from Sigma Aldrich (Malaysia).
Ultrapure (UP) water with a quality of 18 MΩcm -1 was used for all solution preparation.
Chitosan was dissolved in 1% acetic acid solution while FeCl 3 was dissolved in UP water.
Membranes used in this study were NF 270 and XLE purchased from Dow Filmtec (USA). The properties of the membranes used are shown in Table 1 . to adjust its turbidity to 30 ± 0.5 NTU. The pH of the water was adjusted to 7 by using NaOH and hydrochloric acid (HCl) solution. The characteristics of the synthetic water are shown in Table 2 . Before starting the filtration experiment, the newly cut membrane was soaked in UP water and left for a day to ensure the complete removal of residual solvent/chemical from the membrane. In order to alleviate the impact of compaction, pre-filtration study with UP water was first conducted at a constant pressure of 15 bars for 1 hour until a steady-state flux was achieved.
During the membrane filtration experiment, supernatant solution from coagulation process was discharged into the feed tank and kept at a constant temperature of 27ºC. A flow meter was installed at the feed stream to monitor the flow rate of the feed solution. The applied pressure of the filtration system was generated using the high pressure pump (Blue Clean, BC 610, Italy) and controlled at 10 bars, while the retentate from the membrane system was re-circulated to the feed tank at a constant cross-flow rate per unit projection membrane area of 42 cm/s to minimise the changes of feed concentration. Two pressure gauges were used to indicate the operating pressure of the feed and retentate streams. To obtain insights into the fouling behaviour, the membrane filtration experiment was conducted for 5 hours. In each experimental run, fresh synthetic water was prepared and added into the feed tank of the cross-flow filtration unit. 
where J is the permeate flux, V is the permeate volume, A is the membrane effective surface area, and t is the time taken to collect the permeate.
Resistance in series model and fouling index
Resistance in series model was used to estimate the total resistance of the filtration experiment [20, 37] :
where J is the permeate flux, ΔP is the trans-membrane pressure (TMP), η is the dynamic viscosity, and R t denotes the total resistance due to membrane hydraulic resistance (R m ), adsorption resistance (R a ), pore blocking resistance (R p ) and cake layer resistance (R c ). R t was measured from the operational data that were obtained from HA filtration solution using Eq. (3).
R m was measured by filtering UP water through a new membrane at a constant pressure assuming R p , R c , and R a to be zero. With the known ΔP and η, R m can be calculated using Eq. (4):
The resistance due to the deposition of foulants on the membrane surface, R d , was calculated as follows:
Schippers and Verdouw [38] developed an equation to interpret the fouling behaviour of cross-flow filtration by taking into account two fouling phenomena: pore blocking and cake formation. The proposed equation was expressed as follows:
Where t is the filtration time, V is the cumulative permeate volume, η is the dynamic viscosity, I
is the fouling index, ΔP is the TMP, A is the membrane area, and R m is the membrane hydraulic resistance. The fouling index was obtained from the gradient of t/V versus V while specific cake resistance, α, is calculated as:
where C b is the bulk concentration of foulant and I is the fouling index.
Analytical methods
HA absorptivity was measured using UV/Vis spectrophotometer (Lambda 35, PerkinElmer, USA) at the wavelength of 254 nm. Turbidity was measured using Turbidimeter (2100N, HACH, USA). The colloidal stability of the supernatant water after the pre-treatment coagulation process was evaluated based on the zeta potential value using Zeta-Sizer (Malvern, UK) on the basis of DLS theory and cumulant method, whereas Master-Sizer (Malvern, UK) was used to determine the particle size in the supernatant.
Results and Discussion
Coagulation process performance and mechanism study
Theoretically, HA molecules alone in synthetically prepared water could not be effectively deposited at the bottom of the jar if the settling process is merely relying on gravity. The presence of electrostatic repulsion among HA molecules corresponded to the negative charges of carboxyl functional groups tends to stabilise the HA molecules in suspension. Thus, there will be less or no tendency for HA molecules to approach and agglomerate. In general, a suspension is considered stable when the zeta potential is less than -30 mV or greater than + 30 mV and particles in dispersions tend to repel each other; therefore, no agglomeration occurs [39] . In order to remove the HA molecules, coagulant is required.
In order to verify the effect of coagulant dosage on coagulation process performance and to obtain the optimum coagulant dosage for a favourable outcome, the turbidity removal and HA concentration reduction were measured. In addition, zeta potential of the supernatant water from Due to the variation in zeta potential values in the solution produced by each coagulant, it was postulated that different mechanisms take place in each coagulation process. Mechanisms involved in the coagulation process can be divided into two major categories: charge neutralisation/electrostatic interaction and sweep coagulation/co-precipitation [12] . The chitosan coagulation process could be explained by a charge neutralization mechanism, as shown in Fig. 4 .
With the addition of chitosan in the synthetic water, HA molecules started to lose stability in water suspension, as the repulsion forces between the HA molecules were reduced. This effect was due to the electrostatic shielding among the negative charges of HA molecules provided by cationic chitosan which act similarly to a binding agent of two carboxyl groups and consequently result in coagulation and particle precipitation [40, 41] . played an important role in changing the particle size distribution of supernatant water after the coagulation process. Particle size in raw synthetic water was distributed to a broader range with a mean particle size of 5.2 µm. Although the supernatant water after the chitosan coagulation process and FeCl 3 coagulation process has a similar particle size distribution pattern, particle size distribution narrowing was noticed for supernatant water in both coagulation processes. It can be observed that the mean particle size of chitosan and FeCl 3 supernatant water were shifted to 4.6 µm and 9.0 µm, respectively. The residual particles after the FeCl 3 coagulation process were twice the size of those from chitosan coagulation, which concur with the aforementioned claim.
By referring to Fig. 5 , it could be seen that the particle size of raw solution is broadly distributed while the distributions of supernatant solutions are more narrow and concentrated. It can be observed that the particle size of raw solution is skewed to the right (larger particle size), which might explain why its mean particle size is slightly larger than the particle size after chitosan coagulation process. Hence, given by the small discrepancy between the particle sizes, it can be concluded that the particle size after chitosan coagulation remained roughly the same as the raw water.
Additionally, sludge sedimentation after the coagulation processes shown in Fig. 6also further support the postulation of different mechanisms involved in each coagulation process.
For sweep coagulation, Fe(III) formed precipitates thus added to the total amount of sludge produced (as observed in Fig. 6 (right) ) in the FeCl 3 coagulation process. However, chitosan did not form hydroxide precipitates in water, thus resulting in less sludge produced in the chitosan coagulation process compared to the FeCl 3 coagulation process. This finding was in line with the work of Hu et al., who reported that the amount of sludge produced by aluminium coagulation was much higher than chitosan coagulation due to the formation of aluminium hydroxide flocs [11] .
In a nutshell, particle size distribution in the supernatant water after the coagulation pretreatment process is governed by the type of coagulant used and the mechanism involved in the coagulation process. The various supernatant water properties produced by different coagulation processes are expected to contribute to different membrane fouling phenomena. 
Membrane performance and fouling
The supernatant water produced with the use of optimum dosage from both coagulation pretreatments was followed by the membrane filtration process. The turbidity and HA concentration of the permeates produced by hybrid coagulation-membrane processes were measured; the experimental results showed that all hybrid processes in this study managed to remove nearly all of the turbidity and HA in the synthetic water to an undetectable level. In general, this study indicates that the hybrid coagulation-NF/RO processes had successfully managed to remove the HA in water. process became lesser and remained almost constant for the subsequent filtration period, whereas, for the hybrid chitosan-NF 270 process, the flux declined progressively along the filtration.
Eventually, after two and a half hours of the filtration process, the flux of hybrid chitosan-NF 270 process was lower than that of the hybrid FeCl 3 -NF 270 process. On the contrary, the flux profiles of the XLE membrane using the supernatant water from both coagulation pre-treatment processes as the feed water for the membrane process did not show any significant difference.
Both membrane filtration processes depicted a sudden flux drop for the initial process, but the fluxes started to decrease gradually after a short period. The type of coagulant used and the coagulation mechanism involved in the coagulation process will produce supernatant water with different particle sizes, structures, and zeta potential values. This will further affect the performance and fouling of the following membrane process [2, 20, 31, [46] [47] [48] [49] . The NF 270 membrane has high negative surface charge (-32.6 mV) at pH 7 [20] . However, the surface charge of the NF 270 membrane decreased to around -8.6 mV when it came into contact with the supernatant water from the coagulation pre-treatment process at pH 4.2±0.1 [20] . With a lower surface charge value, the charge repulsive strength of NF 270 was weakened in which the foulant had a greater chance of attaching to the membrane surface. This phenomenon was obviously seen in the hybrid chitosan-NF 270 process, where the small flocs with nearly zero charge continuously accumulated at the membrane surface and hence contributed to the gradual flux decline as shown in Fig. 7(a) . A similar phenomenon was observed in the study carried out by Yu et al. [50] . The accumulation of foulant was continued for the whole filtration period due to the neutral (near zero charge) foulant layer formed which could not act as an additional barrier to the membrane. In contrast, the larger particle size of supernatant water produced from the FeCl 3 coagulation process will impose another additional effect at the initial stage of membrane filtration process for hybrid FeCl 3 -NF 270 process. During the initial stage of filtration, large particles in the supernatant water rapidly deposited on the membrane surface and subsequently blocked the pores [51] . The flux was greatly shut off by the particles deposited on the membrane surface, causing an initial sharp decline in permeate flux whereby filtrate can only pass through the unblocked pore area. After some time, a bed of uniform foulant formed over the entire membrane upper surface. This fouling layer, which possessed a negative charge, will likely repel the foulant from further adsorption on the membrane surface [52] . Hence, the flux decline in hybrid FeCl 3 -NF 270 process became lesser and remained almost constant for the subsequent filtration period.
For XLE membranes, a rapid permeate flux decline was observed at the initial filtration stage, although it only took place for a very short period. This may be attributed to the rougher surface of the XLE membrane, which plays a determinant role in membrane fouling. A coarser XLE membrane can much more easily adsorb foulants from water into the membrane valleys compared to smoother NF270 membrane with lower surface roughness [53] . Consequently, relatively high amounts of foulant were easily adsorbed on the membrane surface, which then greatly impaired the membrane permeate flux [36, [54] [55] [56] [57] [58] . However, the impact of supernatant water particle size on XLE membrane fouling was minimal, in which both the hybrid FeCl 3 -XLE process and chitosan-XLE process depicted a similar fouling trend. In this practice, as the membranes were tested under same hydrodynamic conditions and the effect of foulant is minimum, the different fouling behaviour between NF270 and XLE membrane could thus be attributed to the different membrane properties.
Modified Fouling Index (MFI)
Plots of filtration time to filtration volume (t/V) ratio versus cumulative permeate volume (V) were constructed and shown in Fig. 8 to interpret the fouling behaviour of cross-flow filtration by taking into account two simultaneous fouling phenomena: pore blocking and cake formation. This model equation was successfully applied in this HA fouling study for both NF 270 and XLE membranes for the description of membrane fouling phenomena. According to Schippers and Verdouw [38] , region I in the plots, which accounted for rapid t/V increment, denotes the pore blocking, while region II described the slower t/V increment as being due to the cake formation. However, the pore blocking mechanism in this context might be different from the pore blocking fouling in UF/MF membranes. Since NF/RO membranes do not have discrete pores as UF/MF membranes, the pore blocking in this study was interpreted as the flux shut off by foulant on the membrane surface, whereby filtrate can only pass through the unblocked area.
It could also be attributed to the concentration polarization effect where the HA being brought to membrane surface and accumulated on it [59] . Concentration polarization played a key role in the formation of a foulant layer on the membrane surface which reduced the membrane flux. Fig. 8(a) shows that the initial t/V value for hybrid FeCl 3 -NF 270 process was increasing dramatically compared to the hybrid system using chitosan in the coagulation pre-treatment process. The t/V value for the hybrid chitosan-NF 270 process was gradually increasing all the way through the membrane filtration. The difference between these two hybrid systems may be attributed to the different fouling mechanism influenced by the supernatant water properties feeding the membrane unit. The particle size in the supernatant water produced by FeCl 3 coagulation pre-treatment was nearly twice that of the particles from chitosan coagulation pretreatment, as shown in Fig. 5 . Hence, fast fouling occurred in hybrid FeCl 3 -NF 270 process during the initial filtration period where large aggregates in supernatant water pre-treated by the FeCl 3 coagulation process were easily attached to the membrane surface, resulting in the quick build-up of foulant layer on the membrane surface [60] . However, the chitosan coagulation pretreatment process produced supernatant water with smaller particles which will not cover up the membrane surface as fast as the large particles in supernatant water pre-treated with the FeCl 3 coagulation process. Since the particles in the supernatant water pre-treated by the chitosan coagulation process were neutral in charge (as reported in Fig. 2) , the deposition of foulant on the membrane surface was continuing. A similar observation was reported by Bergamasco et al. [31] when investigating the fouling behaviour of the UF membrane by chitosan and aluminium sulphate coagulants.
Besides, it was observed that the hybrid coagulation-XLE processes depicted a similar trend in region I as the hybrid FeCl 3 -NF 270 process, but with a higher t/V value. The t/V value of a membrane filtration process is dominated by the function of R m , which depended on the membrane property. As XLE is an RO membrane, a tighter XLE membrane structure will likely induce a higher R m value, thereby contributing to a higher t/V value. However, a contradictory trend was observed in the hybrid coagulation-XLE process, in which the hybrid chitosan-XLE process had a higher t/V value compared to the hybrid FeCl 3 -XLE process. It is believed that a coarser XLE membrane with ridge-and-valley created across the membrane area much more easily entrapped smaller particles in supernatant water produced by chitosan coagulation pretreatment process in the membrane valleys. Consequently, relatively large amounts of particles have been adsorbed, provided with extra hydraulic resistance. This eventually led to poorer fouling possessions and thus coherence to a higher t/V value in the hybrid chitosan-XLE process.
This finding showed that the physical properties of the membrane are pronounced in terms of membrane fouling.
For all hybrid coagulation-membrane processes, foulant was progressively deposited on the membrane surface and after a period, a bed of uniform solute was formed over the entire membrane upper surface. This cake layer on the membrane surface can act as an additional barrier to the membrane process which prevented the further deposition of foulant and therefore contributes to a higher and more stable t/V value (as depicted by region II). absorbance of the extractions from each hybrid coagulation-membrane process reported in Table   3 was divided by the membrane surface area to signify the amount of foulant deposited per unit membrane surface area.
Overall, the UV 254 absorbance/membrane surface area value for the compounds extracted from the membranes using chitosan coagulation as a pre-treatment process was found to be relatively higher than the FeCl 3 coagulation process. The higher amount of foulant deposited on the membrane surface using chitosan coagulation in the pre-treatment process might be attributed to the smaller particle size in chitosan pre-treated supernatant water that can completely cover the membrane surface. Besides, the particles in the chitosan pre-treated supernatant solution were neutral in charge. Hence, the foulant were more readily to adsorb onto the membrane surface since electrostatic repulsion acting on them was minimal, compared to the negatively charged particles from FeCl 3 coagulation process.
Furthermore, it was observed that the foulant deposited on the membrane surface of chitosan hybrid processes was not completely dissolved by NaOH. This observation indicates that the foulant from the chitosan coagulation pre-treatment process formed a more compact (lower porosity) foulant layer on the membrane surface, which is most likely due to smaller particles in pre-treated supernatant water that were strongly bound to the membrane surface with van der Waals forces [61] .
Direct evidence of specific cake resistance analysis in Table 4 , which was calculated using Eq. (4), has further supported the compactness of the foulant layer on the membrane surface from the chitosan coagulation pre-treatment process. In general, hybrid chitosan-membrane processes have higher specific cake resistance compared to hybrid FeCl 3 -membrane processes.
Previous studies performed by many researchers have reported that higher specific cake resistance resulted from the more compact foulant layer on the membrane surface [49, 62] .
On the contrary, the FeCl 3 coagulation pre-treatment process which produced larger particles compared to the chitosan coagulation pre-treatment process resulted in the formation of a higher porosity foulant layer on the membrane surface. Foulant layer with higher porosity was loosely bound to the membrane and thus easier to be removed by NaOH. The experimental results published by Yu et al. [50] agree with our findings. They discovered that larger particles formed by in situ Fe(III) coagulant resulted in a more porous cake layer on the membrane surface and was beneficial in reducing membrane fouling.
In a nutshell, chitosan and FeCl 3 coagulants produced different particle sizes in the supernatant water which eventually resulted in the variation of membrane fouling propensity.
Particles in supernatant water using FeCl 3 coagulant were larger in size and caused a lower membrane fouling tendency compared to coagulation processes using a chitosan coagulant. 
Conclusions
In conclusion, the results obtained in this study indicated that the hybrid coagulationmembrane processes were capable of removing nearly all turbidity and HA concentrations in the water. Chitosan and FeCl 3 coagulants were efficient at reducing the foulant in synthetic solution and producing supernatant water with a quality that was acceptable for membrane operation.
However, the coagulation mechanisms attributed by each coagulant were different and this affected the membrane performance in the hybrid system. Although chitosan was as competent as FeCl 3 , hybrid chitosan-NF 270 membrane process did not perform as well as FeCl 3 -NF 270 membrane processes, in which hybrid chitosan-NF 270 membrane process showed more severe membrane fouling propensity due to the smaller particle sizes of the supernatant water produced by the chitosan coagulation pre-treatment process. Whereas, the impact of supernatant water particle size after chitosan and FeCl 3 coagulation pre-treatment processes on XLE membrane fouling was minimal as for XLE membrane, rougher surface structure plays a dominant role in attributing to the membrane fouling. Based on the findings in this study, it is strongly recommended that the selection of a coagulant is crucial in hybrid coagulation-membrane treatment processes to attain high removal efficiency and high fouling mitigation. Further studies are suggested to gain more insightful details about the fouling problem and hybrid coagulationmembrane process.
